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All-f rans -retinoic acid is a metabolite of vitamin A 
(all-frans-retinol) that functions as an activating ligand 
for a family of nuclear retinoic acid receptors. The in- 
tracellular levels of retinoic acid in tissues are tightly 
regulated, although the mechanisms underlying the 
control of retinoid metabolism at the level of specific 
enzymes are not completely understood. In this report 
we present the first characterization of the retinoid sub- 
strate specificity of a novel short-chain dehydrogenase/ 
reductase (SDR) encoded by RalRllPSDRl, a cDNA re- 
cently isolated from the human prostate (Lin, B., White, 
J. T., Ferguson, C, Wang, S., Vessella, R., Bumgarner, R., 
True, L. D., Hood, L., and Nelson, P. S. (2001) Cancer Res. 
61, 1611-1618). We demonstrate that RalRl exhibits an 
oxidoreductive catalytic activity toward retinoids, but 
not steroids, with at least an 800-fold lower apparent K m 
values for NADP + and NADPH versus NAD + and NADH 
as cofactors. The enzyme is ~50-fold more efficient for 
the reduction of all-frans-retinal than for the oxidation 
of all-lrans-retinol. Importantly, RalRl reduces all- 
frans-retinal in the presence of a 10-fold molar excess of 
cellular retinol-binding protein type I, which is believed 
to sequester all-frans-retinal from nonspecific enzymes. 
As shown by immunostaining of human prostate and 
LNCaP cells with monoclonal anti-RalRl antibodies, the 
enzyme is highly expressed in the epithelial cell layer of 
human prostate and localizes to the endoplasmic retic- 
ulum. The enzymatic properties and expression pattern 
of RalRl in prostate epithelium suggest that it might 
play a role in the regulation of retinoid homeostasis in 
human prostate. 



All-*rarcs-retinoic acid is a metabolite of vitamin A (aU-trans- 
retinol) that functions as an activating ligand for a family of 
nuclear retinoic acid receptors (1). In target tissues, all-Jrcms- 
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retinoic acid is produced by the oxidation of all-frarcs-retinal- 
dehyde catalyzed by cytosolic aldehyde dehydrogenases (Fig. 1) 
(2-5). Retinaldehyde, in turn, can be produced either by the 
oxidation of retinol catalyzed by microsomal or cytosolic retinol 
dehydrogenases (reviewed in Refs. 6 and 7) or by a symmetrical 
cleavage of j3-carotene (Fig. 1) (8). In the small intestine, the 
majority of absorbed /3-carotene is converted directly to all- 
Jraras-retinal by cytosolic /3,j3-carotene 15,15'-dioxygenase (9). 
All-*rtms-retinal produced from /3-carotene is reduced to all- 
£rcms-retinol by microsomal retinal reductase activity (10). The 
enzyme that catalyzes this reaction in the small intestine func- 
tions in the presence of cellular retinol bmding protein type II 
(CRBPII), 1 which is expressed specifically in the small intes- 
tine and binds all-£rarcs -retinal with high affinity (K d of —100 
iim) (11). Retinol produced from retinal by retinal reductase is 
then esterified by lecithin-retinol acyltransferase and incorpo- 
rated into the lipid core of the chylomicron (12). The retinyl 
esters associated with chylomicrons are cleared into hepato- 
cytes where they undergo a cycle of hydrolysis and re-esterifi- 
cation before storage (12). 

It is generally believed that retinol secreted from the liver 
bound to plasma retinol-binding protein serves as the major 
source of retinoids for peripheral tissues (8). However, there is 
growing evidence that a number of cell types are capable of 
utilizing j3-carotene directly, supplementing their own retinoid 
stores even though serum levels of retinol are tightly con- 
trolled. For instance, in addition to the small intestine, /3-car- 
otene is converted to retinol in the liver (8), human colon cancer 
cells (13), and human lung (14) and skin fibroblasts (15). 

Significant progress in understanding the tissue-specific up- 
take and metabolism of /3-carotene was provided through the 
molecular characterization of /3,/3-carotene 15,15'-dioxygenases 
from the fruit fly (16), chicken (17), mouse (18, 19), and human 
(20). Northern blot analysis of the corresponding mRNAs re- 
vealed that, besides the small intestine, many tissues, includ- 
ing liver, kidney, brain, stomach, testis, and small intestine 
express relatively high levels of /3,/3-carotene 15,15'-dioxygen- 
ase (17-20). In situ hybridization analysis of /3-carotene dioxy- 
genase expression showed that the corresponding mRNA was 
expressed primarily in epithelial structures of tissues such as 
duodenum, lung, and kidney as well as in skin, where it could 
serve to provide the tissue-specific vitamin A supply (21). Re- 



1 The abbreviations used are: CRBPII, cellular retinol binding protein 
type II; SDR, short-chain dehydrogenase/reductase; mAb, monoclonal 
antibody; BSA, bovine serum albumin; CMV, cytomegalovirus; PBS, 
phosphate-buffered saline; Endo H, endoglycosidase H; HPLC, high 
performance liquid chromatography; ER, endoplasmic reticulum. 
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Fig. 1. Biosynthesis of retinoic acid from ^-carotene. 



cently, prostate epithelial cell lines LNCaP, PC-3, and DU 145 
were shown to convert /3-carotene to retinol (22), suggesting 
that human prostate epithelium also contains /3-carotene di- 
oxygenase. However, the one or more enzymes responsible for 
the reduction of retinal produced from j3-carotene to retinol in 
prostate as well as other tissues have yet to be characterized. 
Furthermore, the enzyme responsible for the intestinal micro- 
somal retinal reductase activity that recognizes CRBPII-bound 
retinal as substrate has not yet been denned at the molecular 
level. 

Recently, we have shown that the prostate expresses high 
levels of a transcript encoding a novel member of the short- 
chain dehydrogenase/reductase (SDR) superfamily, PSDR1 
(23). In the present study we characterized the cell-specific 
expression, subcellular localization, and catalytic properties of 
the protein encoded by the human PSDR1 gene. We present 
evidence that PSDR1 is a microsomal retinal reductase that is 
expressed in the epithelial cells of the human prostate gland 
and is capable of reducing all-ira/is-retinal to all-frarcs-retinol 
under physiologically relevant conditions. This activity sug- 
gests that PSDR1 might contribute to the enzymatic conversion 
of retinaldehyde produced from 0-carotene to retinol in human 
prostate. To provide a nomenclature more descriptive of actual 
biochemical activity, we have changed the designation of this 
gene and encoded protein from PSDR1 to RalRl for Retinal 
Reductase 1. 

EXPERIMENTAL PROCEDURES 

RalRl Monoclonal Antibody^=A peptide located near the C terminus 
of RalRl, CH 3 CO-CHVAWV@5ARNETIAR-CONH 2 (residues 287- 
303), was synthesized (Genemed Synthesis, Inc., South San Francisco, 
CA) and conjugated to maleimide -activated keyhole limpet hemocyanin 
(Pierce, Rockford, IL) through the N-terminal Cys of the peptide. Mice 
were immunized with the keyhole limpet hemocyanin-peptide conju- 
gate, and a monoclonal antibody (mAb) was generated in the Biologies 
Production Facility of the Fred Hutchinson Cancer Research Center. 
Hybridoraas were screened by enzyme-linked immunosorbent assay 
using bovine serum albumin (BSA) conjugated with the RalRl peptide 
as a positive control and BSA conjugated with unrelated peptides as 
negative controls. Positive clones were further screened by immunoblot- 
ting using COS-7 cells transfected with RalRl expression vectors. One 
hybridoma clone producing RalRl -specific mAb, designated H8, was 
used throughout this study. 

Immunostaining of Human Prostate — Six-micron sections of forma- 
lin-fixed, paraffin-embedded blocks of prostate tissue were deparaf- 
finized and rehydrated in sequential solutions of xylene and ethanol. 
The sections were sequentially immersed in a 3% aqueous solution of 
hydrogen peroxide to inactivate endogenous peroxidase activity, a 1% 
solution of bovine serum albumin in phosphate-buffered saline to block 
nonspecific protein binding, and then microwaved for 15 min in a 10 raM 
citrate buffer to "unmask" antigenicity. The sections were immuno- 



stained using a three-step indirect avidin-biotin-peroxidase method. 
The primary antibody was mouse monoclonal anti-RalRl, which was 
affinity-purified on a protein G column. The negative controls for anti- 
body specificity consisted of non-immune mouse serum and coincuba- 
tion of the anti-RalRl antibody with 10-fold molar excess of RalRl 
peptide for 2 h before subsequently incubating the monoclonal antibody/ 
peptide solution with tissue sections. Immunore activity of the primary 
antibody was detected using an avidin-biotin-peroxidase kit (Dako 
Corp., Carpinteria, CA). The diaminobenzidine reaction product was 
enhanced with an 8% aqueous solution of nickel chloride, which yields 
a black reaction product. The sections were counterstained with a 
methyl green nuclear stain prior to coverslipping. 

RalRl Subcellular Localization — A chimeric RalRl-FLAG-tagged 
protein was constructed by amplifying the full-length RalRl coding 
sequence by the PCR using primers PSDRl-5 (5'-TTAAGCTTGCGGC- 
CGCGAATTCCCACC-3') and PSDRl-3 (5 ' -TC ACTATCTAGAGTC- 
TATTGGGAGGCCCAGCAG-3 ' ). The product was sequence-verified, 
cleaved with Notl and Xbal enzymes, and cloned into the p3XFLAG- 
CMV-14 expression vector (Sigma- Aldrich, St. Louis, MO). COS-7 mon- 
key kidney cells (American Type Culture Collection, Manassas, VA) 
were grown on eight-well culture slides and transiently transfected with 
RalRl-FLAG using FuGENE 6 transfection reagent according to a proto- 
col supplied by the manufacturer (Roche Molecular Biochemicals, Indian- 
apolis, IN). Twenty-four hours after transfection, cells were washed with 
PBS and then fixed with 30% acetone/70% methanol mixture for 10 min 
at -20 °C. The cells were soaked in 3% BSA/PBS for 1 h for blocking. The 
primary antibody, either anti-RalRl or M2 anti-FLAG (Sigma), was 
added at 1-3 jxg/ml and incubated for 1 h at room temperature. The cells 
were washed five times with PBS containing 0.1% Tween-20 and incu- 
bated with anti-mouse IgG-conjugated with biotin (Pierce) for 30 min, 
followed by incubation with streptavidin-fluorescein isothiocyanate con- 
jugate (Pierce). The cells were washed five times with PBS plus 0.1% 
Tween-20 between the incubations. The same immunostaining procedure 
was followed using the an ti -RalRl antibody on LNCaP cells grown using 
growth conditions suggested by the supplier (American Type Culture 
Collection). Mounting medium (Vector Laboratories, Inc., Burlingame, 
CA) was applied to each well, and the slides were immediately examined 
using a fluorescence microscope (Olympus) equipped with a wide- 
field deconvolution system (DeltaVision, Applied Precision Incorporated, 
Issaquah, WA). Typically, 30 images were collected per section with a 
plane width of 0.2 um per image through the cell center. 

Expression in Sf9 Cells — The coding region of the cDNA for human 
RalRl was cloned into EcoRl restriction site of pVL1393 Baculovirus 
transfer vector. The RalRl -pVL1393 construct with the correct orien- 
tation of the insert was selected based on restriction endonuclease 
digest analysis and was confirmed by DNA sequencing. Cotransfection 
of Sf9 cells with the transfer vector and linearized BaculoGold DNA was 
performed according to the manufacturer's protocol (BD PharMingen, 
San Diego, CA). The recombinant virus was amplified and used to 
produce RalRl protein essentially as described previously for human 
RoDH-4 (24). The subcellular fractions were isolated by sequential 
centrifugations of the cell homogenate prepared using French press. 
The unbroken cells, cellular debris, and nuclei were removed by cen- 
trifugation at 1,000 x g for 10 min. Mitochondria were pelleted by 
centrifugation at 10,000 x g for 30 min, and microsomal fraction was 
isolated by centrifugation at 105,000 x g for 1 h through a 0.6 m sucrose 
cushion. Microsomes were resuspended in 0.1 M potassium phosphate, 
pH 7.4, 0.1 mM EDTA, 1 mM dithiothreitol, 20% glycerol, aliquoted, and 
stored frozen at -70 °C. Protein concentration was determined by 
Lowry et at. (25) using bovine serum albumin as a standard. 

Western Blot Analysis, Endoglycosidase H Treatment, and Coupled in 
Vitro Transcription /Translation — Western blot analysis of RalRl ex- 
pression was performed using a 1:100 dilution of RalRl mAb. Protein 
was detected using ECL Western blotting analysis system (Amersham 
Biosciences, Piscataway, NJ) as described previously (26). For endogly- 
cosidase H (Endo H) treatment, 20 /xg of microsomal protein was re- 
suspended in 50 mM sodium phosphate buffer, pH 5.5, containing 0.1% 
SDS, and 0.1 m 2-mercaptoethanol. The protease inhibitor phenylmeth- 
ylsuifonyl fluoride was added to a 5 mM final concentration. One half of 
the mixture was treated with 2.5 u\ (12.5 units) of Endo H (Roche 
Molecular Biochemicals), and the other half received 2.5 ul of the buffer. 
Both samples were incubated overnight at room temperature, then 
denatured with SDS-PAGE loading buffer for 5 min at 94 °C and ana- 
lyzed by Western blotting. 110-Hydroxy steroid dehydrogenase type 1 
with the FLAG epitope MDYKDDDD-COOH (Sigma) attached to the C 
terminus served as a positive control for glycosylation in Sf9 cells and 
deglycosylation by Endo H. 

For in vitro protein synthesis, RalRl cDNA cloned into pCR2.1- 
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TOPO vector (Invitrogen) was subjected to transcription by T7 RNA 
polymerase and translation in reticulocyte lysate in the presence or 
absence of dog pancreas microsomes (TnT Quick system, Promega, 
Madison, WI) according to the manufacturer's instructions. In a typical 
assay, 0.5-1 /xg of plasmid DNA, 20 /iCi of PS] methionine (Amersham 
Biosciences) and 0.5-1 p,l of canine pancreatic microsomal membranes 
(Promega) were incubated for 60—90 min at 30 °C in a final volume of 
12.5 julL 35 S-Labeled proteins were subjected to 12% SDS-PAGE and 
analyzed by autoradiography. 

Analysis of Enzymatic Activity — Catalytic activity of RalRl was as- 
sayed in 90 mM potassium phosphate, pH 7.4, and 40 idm KC1 at 37 °C 
(reaction buffer) in siliconized glass tubes as described previously (24). 
The oxidative and reductive activity of RalRl toward retinoid sub- 
strates was analyzed using aM-trans and cis isomers of retinoids (Sig- 
ma-Aldrich). The stock solutions of retinoid substrates were prepared in 
ethanol, and their concentrations were determined based on the corre- 
sponding extinction coefficients at the appropriate wavelengths. Etha- 
nol-dissolved retinoids were solubilized in the reaction buffer by a 
10-min sonication in the presence of equiraolar delipidated bovine se- 
rum albumin. The concentration of ethanol in the reaction mixture did 
not exceed 0.3%. At this concentration, ethanol had no effect on RalRl 
activity. The 500-jil reactions were started by the addition of cofactor 
and carried out for 15-30 min at 37 °C. The amount of protein in the 
reaction mixture varied from 1 to 250 jig. The reactions were termi- 
nated by the addition of an equal volume of cold ethanol supplemented 
with 100 jxg/ml butylated hydroxytoluene. Retinoids were extracted 
using solid-phase extraction on a Waters Sep-Pak C18 (light) column as 
described before (27) and analyzed using a Waters Alliance HPLC 
system. Elution was monitored at 350 nm with a Waters 2487 Dual 
Absorbance Detector. Unless stated otherwise, retinoids were sepa- 
rated using normal-phase HPLC. The stationary phase was Waters 
Spherisorb S3W column (4.6 mm x 100 mm), and the mobile phase 
consisted of hexane: acetone (90:10, v/v). The flow rate was 1 ml/min. 
Under these conditions, all-*rarcs-retinaldehyde and all-frans-retinol 
eluted at 2.09 and 4.095 min, respectively. The peak detection limits 
were -1.0 pmol for all-irans-retinal and -2.5 pmol for all-*rans- retinol. 
The elution times for other isomers were as follows: 3.96 min for 
9-cis-retinol, 3.28 min for 13-cis -retinol, 1.94 min for 9-cis-retinalde- 
hyde, and 1.83 min for 13-cts-retinaldehyde. Retinoids were quantitated 
by comparing their peak areas to a calibration curve constructed from 
the peak areas of a series of standards. 

The oxidative and reductive activity of RalRl toward steroids was 
analyzed using tritiated steroids (PerkinElmer Life Sciences, Boston, 
MA, -40-60 Ci/mmol each), which were diluted with cold steroids 
(Steraloids Inc., Newport, RI, and Sigma-Aldrich) dissolved in Me 2 S0 
(<1% in the reaction mix) (24, 26, 27). Dihydrotestosterone (5a-andro- 
stan-17/3-ol-3-one), progesterone (4-pregnen-3,20-dione), corticosterone 
(4-pregnen-110,21-diol-3,2O-dione), aldosterone (4-pregnen-l 10,21 - 
diol-3,18,20-trione), androsterone (5a-androstan-3o>ol-17-one), dehy- 
droepiandrosterone (5-androsten-3/3-ol-17-one), allopregnanolone (5a- 
pregnan-3a-ol-20-one), and 3a-androstanediol (5a-androstan-3a,170- 
diol) were tested as substrates either in the oxidative direction in the 
presence of 1 mM NADP + /NAD* or in the reductive direction in the 
presence of 1 mM NADPH/NADH. The amount of microsomal protein in 
the reaction mixture varied from 25 to 250 jig. Control reactions con- 
tained the same amount of microsomal protein isolated from Sf9 cells 
that were infected with wild-type virus. The 250-/j,l reactions were 
started with the addition of cofactor and incubated at 37 °C for 15-120 
min. The reaction products were extracted and separated by develop- 
ment in chloroform:ethyl acetate (3:1, v/v) on silica gel TLC plates. After 
drying, TLC plates were exposed to a Phosphorlmager tritium screen 
and analyzed using a Phosphorlmager (Amersham Biosciences). 

Determination of Kinetic Constants— Steady-state kinetic analysis 
was performed in 90 mM potassium phosphate, pH 7.4, and 40 mM KC1 
at 37 °C as described above. The reaction rate was linearly proportional 
to the amount of microsomes added per 500-/xl reaction volume with up 
to 2 /xg of protein in the reductive direction and with up to at least 10 
fig of protein in the oxidative direction during the 15-min incubation 
time. Kinetic analysis of substrates in the reductive direction was 
performed with 0.625 fig of protein and in the oxidative direction with 
7.5 fig per 500-jaI reaction volume, so that the amount of product formed 
after 15 min of incubation did not exceed 10% of the initial substrate 
amount. Under these conditions, the background level of product 
formed by microsomes from Sf9 cells infected with wild-type virus did 
not exceed the "minus cofactor" value obtained with the same amount of 
enzyme-containing microsomes. A control without added cofactor was 
included for each concentration of substrate and was subtracted from 
each experimental data point. The amount of product formed in the 




Fig. 2. Cellular and subcellular distribution of RalRl protein. 

A, representative section demonstrating the expression of endogenous 
RalRl protein in normal prostate tissue. High immunoreactivity is 
apparent in the luminal and basal epithelial cells (black reaction prod- 
uct). Stromal fibroblast and smooth muscle cell immunoreactivity was 
not observed. B, expression of endogenous RalRl protein in the LNCaP 
prostate cancer cell line. Microscopic image of COS-7 cells transfected 
with RalRl-FLAG fusion construct and processed for FLAG (C) or 
RalRl (D) immunoreactivity. The pattern of RalRl expression localizes 
to the endoplasmic reticulum. 

presence of cofactor was at least 3-fold higher than that in the "minus 
cofactor" control. The apparent K m values for oxidation and reduction of 
retinoids were determined at a fixed NADP + (1 mM) or NADPH (0.5 
mM) concentrations. Each K m determination was repeated at least three 
times using six concentrations of each substrate: all-frans-retinal (0.25- 
2.5 /am); 13-cts-retinal (0.2-2.5 /xm); 9-cis-retinal (0.062-2.5 /xm); and 
all-frans-retinol (0.5-10 /am). The values of initial velocities (nmol/min 
of product formed per mg of protein) were obtained by non-linear 
regression analysis. The apparent K m values for cofactors were deter- 
mined at a fixed saturating concentration of all-frans-retinal or all- 
fra/is-retinol with five concentrations of each cofactor: NADPH 
(0.125-25 jlxm), NADH (0.0625-2.0 mM), NADP + (1.25-15 itM), and 
NAD* (0.25-3 mM). 

CRBPI was expressed in Escherichia coli as a fusion protein with 
glutathione S-transferase and purified using glutathione agarose col- 
umn as described previously (28). The purified fusion protein was 
cleaved with thrombin and separated from glutathione S-transferase on 
a Q-Sepharose column by elution with a 0 to 500 mM NaCl gradient in 
10 mM Tris, pH 7.4. The amount of functional protein was determined 
from the fluorescence titration curve of apo-CRBPI with retinol (29). 
Typically, over 90% of purified CRBPI preparation was capable of 
binding a\\-trans -retinol (24, 28). 

RESULTS 

Expression of RalRl in Prostate Epithelium — We have pre- 
viously shown that transcripts encoding RalRl were most 
highly expressed in the normal prostate gland relative to all 
other human tissues (23). To localize the one or more specific 
prostate cell types expressing RalRl, we immunostained nor- 
mal prostate tissue with anti-RalRl monoclonal antibodies. 
High levels of RalRl protein expression were detected in lumi- 
nal epithelial cells (Fig. 2A). Staining was also present in basal 
epithelium with undetectable staining in the smooth muscle 
and fibroblast components of the prostate stroma. This result 
indicated that the novel SDR protein, RalRl, was specifically 
expressed in the epithelial cells of human prostate. 

Subcellular Localization of RalRl in Eukaryotic Cells — The 
retinal reductase activity described previously in the rat small 
intestine was associated with the microsomal membranes (10). 
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Fig. 3. Characterization of RalRl protein. Lanes 2-5, SDS-PAGE 
analysis of the expressed protein in Sf9 microsomes: lane 1, wild-type 
Sf9 microsomes (10 jig); lane 2, Sf9 microsomes containing RalRl (10 
jig); lane 3, SeeBlue Plus2 pre-stained protein molecular weight stand- 
ards (Invitrogen). Lane 4, 35 S-labeled RalRl synthesized in vitro using 
coupled transcription/translation system (1.25 /il of reaction). Lanes 5 
and 6\ Western blot analysis of RalRl-containing Sf9 microsomes (lane 
5, 10 /i.g) and wild-type virus infected Sf9 microsomes (lane 6, 10 /xg). 
Antibodies were used at a 1:100 dilution. 



To determine the subcellular localization of RalRl, we immu- 
nostained the human prostate carcinoma cell line LNCaP with 
anti-RalRl antibody (Fig. 2B). The immunofluorescent signals 
(green) were localized to the endoplasmic reticulum (ER), indi- 
cating that RalRl was expressed and retained in the ER. RalRl 
expression in LNCaP cells was higher than in PC3 prostate 
carcinoma cells (data not shown), a cell type that we have 
previously shown expresses low levels of RalRl message (23). 
To obtain further evidence for the association of RalRl with the 
ER membranes, we determined whether a recombinant RalRl 
was also targeted to the ER in non-prostate cell line. COS-7 
cells were transfected with a construct expressing the recom- 
binant RalRl polypeptide fused to a 3 x -FLAG tag and immu- 
nostained with the M2 anti-FLAG antibody. RalRl expression 
again localized to the ER of COS-7 cells (Fig. 2C). To confirm 
this finding, COS cells transfected with RalRl were immuno- 
stained with anti-RalRl mAb (Fig. 2D). The pattern of immu- 
nofluorescence was indistinguishable from the pattern ob- 
served with the anti-FLAG antibody. These results indicated 
that RalRl polypeptide contained the ER targeting signal and 
appeared to be associated with the ER membranes, similar to 
the rat intestinal retinal reductase. 

Expression of the Human RalRl Protein in Sf9 Cells— The 
next objective was to determine whether RalRl was active 
toward retinoid substrates. We expressed the full-length cDNA 
for RalRl in insect Sf9 cells using the BaculoGold Baculovirus 
system. Sf9 cells were homogenized and fractionated into mi- 
tochondria, microsomes, and cytosol. The subcellular localiza- 
tion of the recombinant protein in Sf9 cells was determined by 
Western blot analysis using monoclonal antibodies against 
RalRl. The majority of the immunoreactive protein was asso- 
ciated with the microsomal fraction (Fig. 3, lanes 2 and 5), 
indicating that RalRl was targeted to the ER. At the same 
time, control microsomes isolated from Sf9 cells infected with 
wild-type virus were not stained with anti-RalRl mAbs (Fig. 3, 
lane 6). 

Because RalRl localized to the microsomes, we investigated 
whether it was exposed to the lumenal side of the membrane by 
examining its glycosylation state. The RalRl polypeptide con- 
tains two iV-linked glycosylation motifs at Asn 174 ( 174 NVS 176 ) 
and Asn 298 ( 298 NET 300 ). Glycosylated proteins can be detected 
by their slower electrophoretic mobility relative to that of the 
non-glycosylated forms. Treatment of microsomal RalRl ex- 
pressed in Sf9 cells with Endo H did not change the mobility of 
the protein (data not shown), indicating that RalRl was not 
glycosylated. A control protein, 11/3-hydroxy steroid dehydro- 
genase type I, was efficiently deglycosylated by Endo H. To 



obtain further evidence for the lack of RalRl glycosylation, we 
compared the electrophoretic mobility of 35 S-labeled RalRl pro- 
duced in vitro using a coupled transcription/translation system 
in the absence of microsomes (Fig. 3, lane 4) to that of the 
recombinant RalRl expressed in Sf9 cell microsomes (Fig. 3, 
lane 5). Both samples were separated in the same gel and 
transferred to a nitrocellulose filter, which was then cut in half. 
The filter containing 35 S-labeled RalRl was exposed to x-ray 
film, whereas the second filter was hybridized with anti-RalRl 
mAbs to visualize the microsomal RalRl by chemilumines- 
cence. Alignment of the two images revealed that the microso- 
mal RalRl had electrophoretic mobility identical to that of 
RalRl produced in the absence of microsomes (Fig. 3). To con- 
firm this result, we compared the electrophoretic mobility of 
35 S-labeled RalRl preparations synthesized in vitro in the ab- 
sence and presence of canine microsomal membranes. Canine 
microsomes efficiently glycosylated yeast a-mating factor, 
which was provided with the kit (data not shown), but RalRl 
was not glycosylated. Because glycosylation occurs exclusively 
in the lumen of the ER, these results suggested that the seg- 
ment of RalRl containing the putative glycosylation motifs was 
not exposed to the ER lumen. 

Analysis of RalRl Substrate and Cofactor Specificity — Ex- 
periments were designed to compare the retinoid-metabolizing 
activity of Sf9 cells expressing RalRl with the activity of Sf9 
cells infected with wild-type virus. Homogenates of RalRl-Sf9 
and virus-Sf9 cells were incubated with 1 /am all-fra/is-retinol 
or 1 ijlm. all-Jrarcs-retinal in the presence of the oxidative 
(NAD"7NADP + ) or reductive (NADH/NADPH) cofactors, re- 
spectively. The reaction products were extracted and analyzed 
by reverse-phase HPLC. In the oxidative direction, a maximum 
of only about 10% of substrate conversion was observed over a 
wide range of protein concentrations (up to 250 /ig) (data not 
shown). However, when RalRl was analyzed in the reductive 
direction, more than 90% of all-frcms-retinal was converted to 
all-£ra/is-retinol in the presence of NADPH (Fig. 4A). The same 
amount (micrograms) of homogenate obtained from control 
cells infected with wild- type virus produced at least 10-fold less 
all-*rarcs-retinol (Fig. 4B). This result indicated that the ob- 
served retinal reductase activity was associated with RalRl. 
Percent conversion was generally lower in the presence of 
NADH for both RalRl- and wild-type virus infected cells (Fig. 
4, C and D). 

To determine whether retinal reductase activity colocalized 
with RalRl protein in the microsomal fraction of the homoge- 
nate, we determined the activity of the subcellular fractions 
isolated from RalRl-expressing Sf9 cells. Similar to RalRl 
protein distribution, over 90% of the retinal reductase was 
recovered with the microsomes (data not shown). No activity 
was detected in the microsomal fraction of Sf9 cells infected 
with wild-type virus, indicating that the low background activ- 
ity observed with Sf9 cell homogenate in the presence of 
NADP + (Fig. 4) was due to the cytosolic enzymes. As deter- 
mined by normal-phase HPLC analysis, the major product of 
all-tratts-retinal reduction catalyzed by microsomal RalRl was 
all-frarcs-retinol, although small amounts of 13-cis isomers of 
retinol and retinal were recovered as well (Fig. 5A). Isomeriza- 
tion of retinoids during extraction procedures was also ob- 
served by other investigators (10, 30). Therefore, the reaction 
products were quantified by summing the areas of both peaks. 

The next question was whether RalRl exhibited specificity 
for all-£rcms-retinal or whether it was also active toward cis- 
retinals. Kinetic analysis of the same preparation of microso- 
mal RalRl revealed that the enzyme recognized 9-cis-retinal 
and 13-cis-retinal as substrates with affinity similar to that for 
all-Jro/is-retinal (K m values of 0.19-0.62 /im) (Table I). How- 
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Fig. 4. Reverse-phase HPLC analysis of the reductive activity 
of RalRl toward all -trans -retinal. Homogenates (250 jig per reac- 
tion) of Sf9 cells infected with RalRl (A and C) or wild-type baculovirus 
(B and D) were incubated with 1 /am all-/rans-retinal in the presence of 
1 raM NADPH (A and B) or 1 mM NADH (C and D) for 30 min at 37 °C. 
The reactions were terminated by the addition of an equal volume of 
cold ethanol supplemented with 100 p.g/ml butylated hydroxytoluene. 
Retinoids were extracted using solid-phase extraction on a Waters 
Sep-Pak C18 column as described before (27) and reconstituted into 200 
/a1 of mobile phase acetonitrile: water: ammonium acetate (87.5:2.5:10.0, 
v/v). Ten-microliter aliquots were analyzed by reverse-phase HPLC 
using a 3.5-/i,m Waters Symmetry column (4.6 x 150 mm). The flow rate 
was 1 ml/min. Under these conditions, all-£rarcs -retinol and aXi-trans- 
retinaldehyde eluted at 7.7 and 9.5 min, respectively. 

ever, the reaction rate with cis-retinals was severalfold lower 
than with all-£ra/zs-retinal (Table I). Thus, RalRl was most 
efficient as an all-fra/ts-retinal reductase. In addition, the uti- 
lization ratio of RalRl in the reductive direction was about 
50-fold higher than in the oxidative direction with all-trans- 
retinol as substrate (Table I and Fig. 5C). The preference of 
RalRl for the reductive direction was consistent with the ap- 
parent K m values for cofactors. The enzyme exhibited a —3000- 
fold lower K m value for NADPH, the predominant reductive 
cofactor in the cells, than for NAD + , the major oxidative cofac- 
tor (Table II). 

Having established that RalRl was most efficient as an 
all-frans-retinal reductase, we determined if RalRl could func- 
tion in the presence of cellular retinol binding protein, which 
was previously shown to completely sequester retinol and ret- 
inal from nonspecific enzymes (10, 28, 31). It was suggested 
that the microsomal retinal reductase activity previously de- 
scribed in the rat small intestine was important for retinoid 
metabolism, because, in contrast to the retinal reductase activ- 
ity present in the cytosol, the microsomal activity reduced 
retinal in the presence of a 20% molar excess of CRBPII (10). 
The expression of CRBPII is restricted to the small intestine. 
Other tissues, including the prostate (32, 33), contain a differ- 
ent binding protein, CRBP type I, which binds all-fraras-retinal 
and all-fra/is-retinol with even higher affinity than CRBPII (K d 
values of 50 and <10 nM, respectively, compared with -100 nM 
for CRBPII) (reviewed in Ref. 34). To determine whether RalRl 
was capable of reducing all-£ra/is-retinal in the presence of 
CRBPI, we titrated the reaction mixture with an increasing 
amount of the binding protein. As can be seen in Fig. 6, the 
addition of a 2.5-fold excess of CRBPI to the reaction mixture 
resulted in a decrease of —6.5-fold in the rate of retinal reduc- 
tion, from 8.5 nmol/min X mg at 1 /iM alWrcms-retinal down to 
1.3 nmol/min X mg. However, further increases in the amount 
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Fig. 5. Normal-phase HPLC chromatogram of retinoids pro- 
duced by RalRl in the reductive and oxidative direction. A, 
reduction of 1.25 /xm all-frans-retinal to all-irans-retinol catalyzed by 10 
/xg of RalRl-containing Sf9 microsomes in the presence of 1 mM 
NADPH. All-frans-retinal partially isomerized into 13-cis-retinal dur- 
ing manipulations. B y the "minus cofactor control" for the reductive 
direction. C, oxidation of 10 jam all-frans -retinol to all-frans-retinal 
catalyzed by 7.5 tig of RalRl-containing Sf9 microsomes in the presence 
of 1 mM NADP+. 

of added CRBPI had little effect on RalRl activity. The reaction 
rate remained constant with up to a 10-fold molar excess of 
CRBPI relative to the retinal concentration (Fig. 6). This result 
indicated that RalRl reduced retinal in the presence of a wide 
range of CRBPI concentrations. 

Because several retinoid-metabolizing members of the SDR 
superfamily were shown to recognize 3a- and 17/3-hydroxy and 
ketosteroids as substrates (24, 27, 35, 36), we tested whether 
RalRl was also active toward steroids. Steroid compounds were 
used at a 1 ptM concentration in the presence of either 1 mM 
NAD + /NADP + or 1 mM NADH/NADPH. The reaction products 
were extracted and analyzed by TLC using a Phosphorlmager. 
The oxidative retinol/sterol dehydrogenases characterized pre- 
viously in our laboratory (24, 27) served as positive controls for 
steroid oxidoreductase activity. RalRl did not possess any sig- 
nificant activity toward oxidation or reduction of the functional 
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Table I 

Kinetic constants for retinoid substrates 
Kinetic constants for the reduction of retinals were determined in the presence of saturating NADPH (0.5 mM). Kinetic constants for the 
oxidation of all-*r<ms-retinol were determined at saturating NADP + (1 mM) (Experimental Procedures). Kinetic constants shown in this table were 
determined using the same preparation of microsomes containing RalRl and were calculated using GraFit (Erithacus Software Ltd.) and expressed 
as the means ± S.D. Similar constants were obtained using three independent preparations of microsomal RalRl. 



Substrate 


Apparent K m 


Apparent V raax 


V m JK m 






nmolKmin x mg microsomal protein) 




All-£ra/is-retinal 


0.50 ± 0.05 


18.0 ± 0.5 


36 


13-cis-retinal 


0.62 ± 0.09 


7.0 ± 0.3 


11 


9-cis -retinal 


0.19 ± 0.04 


1.6 ± 0.1 


8.4 


All-frans-retinol 


1.3 ± 0.2 


0.95 ± 0.04 


0.7 



Table II 
Apparent K m values for cofactors 
The apparent K m values for NADPH and NADH were determined 
with saturating all-*rans-retinal (5 /llM). The apparent K m values for 
NADP + and NAD + were determined with saturating all-frans-retinol 
(15 um) ("Experimental Procedures"). 



Cofactor 


K m 




UM 


NADPH 


0.23 ± 0.02 


NADH 


1300 ± 200 


NADP 


0.8 ± 0.2 


NAD" 


680 ± 80 
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Fig. 6. Analysis of RalRl activity toward all-frans-retinal in 
the presence of CRBPL All-frans-retinal was used at a concentration 
of 1 /am. CRBPI concentration varied from 0.5 to 10 /im. The amount of 
microsomes in each 0.5-ml reaction was 2 /xg. The result shown is 
representative of at least three independent experiments. 

hydroxyl or ketone groups in positions 3, 17, or 20, relative to 
the background activity of Sf9 cells infected with wild-type 
virus (data not shown). Thus, RalRl appeared to be specific for 
retinoids and was most efficient as an NADPH-dependent ret- 
inal reductase. 

DISCUSSION 

In the present study we have established that the protein 
encoded by the recently discovered human gene originally 
named PSDR1 for prostate short-chain dehydrogenase/reduc- 
tase encodes a novel microsomal enzyme with retinal reductase 
activity. Accordingly, we changed the designation of PSDR1 
gene and protein to RalRl for retinal reductase 1. RalRl shares 
less than 30% overall sequence identity with other members of 
the SDR superfamily, including the recently characterized all- 
fra/is-retinal reductase retinal SDR1 (37) and the NADP + -de- 
pendent photoreceptor-specific all-irans-retinol dehydrogenase 
photoreceptor retinol dehydrogenase (38). Analysis of the pri- 
mary structure of RalRl based on algorithms for secondary 
structure prediction (39, 40) suggests that RalRl is a mem- 
brane protein anchored by a single hydrophobic N-terminal 
segment (amino acids 1-23) with the majority of the polypep- 
tide chain localized on the cytosolic side of the membrane. This 
model is supported by the experimental data obtained in the 
present study. First of all, as established by cell fractionation 



and immunolocalization studies, RalRl is associated with the 
ER membranes. Second, the subunit molecular weight of RalRl 
does not change after incubation with microsomes, indicating 
that the ER targeting signal in RalRl is not cleaved. Finally, 
RalRl is not glycosylated at the putative iV-linked glycosyla- 
tion motifs at Asn 174 and Asn 298 . Because glycosylation occurs 
exclusively in the lumen of the ER, lack of glycosylation sug- 
gests that RalRl faces the cytosolic side of the ER membrane. 

The cytosolic orientation of RalRl in the ER membrane sug- 
gests that in intact cells the enzyme will function as a reduc- 
tase. RalRl exhibits at least an 800-fold lower K m values for 
NADP + and NADPH than for NATT and NADH as cofactors. 
In the cytosol of liver and, presumably, other cells, NADP"** 
exists mainly in the reduced form (41). Therefore, enzymes that 
prefer NADP + are likely to function in the reductive direction 
in vivo. 

Characterization of RalRl enzymatic properties revealed 
that the enzyme recognizes retinoids but not steroids as sub- 
strates and is particularly efficient as an all-*rarcs-retinalde- 
hyde reductase. Retinoids are highly hydrophobic and chemi- 
cally labile compounds that are solubilized and protected from 
unwanted conversions by specific binding proteins inside the 
cells and in blood plasma (reviewed in Ref. 34). Ail-trans- 
retinal binds to cytosolic CRBPI, which is expressed in many 
different types of cells but the levels of CRBPI expression may 
vary (32). Most likely, the enzymes involved in retinoid metab- 
olism have to function in the presence of some amount of 
CRBPI. Interestingly, not all enzymes that are active with free 
retinol can metabolize retinol in the presence of CRBPI. It was 
shown that CRBPI sequesters all-*ra/is-retinol from acyl CoA: 
retinol acyltransferase (29, 31, 42, 43) and from human cyto- 
solic alcohol dehydrogenase class IV (28), enzymes that are 
active with free retinol. On the other hand, retinal reductase 
activity in the rat intestine reduced all-£ra/is-retinal in the 
presence of a 20% molar excess of CRBPII (10) and the cytosolic 
rat retinal dehydrogenase type 2 oxidized retinal in the pres- 
ence of a 2-fold molar excess of CRBPI (3). 

The ratio of CRBPI to retinaldehyde in the human prostate 
gland is not known. Kato et al. (32) reported that rat prostate 
contains an —8-fold lower amount of CRBP than rat liver (5.2 
versus 40.0 tig/g of wet weight). This translates into —0.3 /am 
CRBP in rat prostate (molecular weight 14,600). The molar 
ratio of CRBP to retinal might vary, depending on the tissue 
supply of /3-carotene and the rate of retinol oxidation to reti- 
naldehyde. Therefore, we investigated the effect of CRBPI on 
RalRl activity at a constant concentration of retinal over a 
wide range of CRBPI concentrations. Our results showed that 
RalRl exhibits a relatively high rate (1.3 nmol/min x mg) of 
retinal reduction even at a 10-fold molar excess of CRBPI over 
1 /am retinal concentration. Thus, RalRl can produce retinol 
from retinaldehyde in the presence of varied physiological lev- 
els of CRBPI. 

Retinoic acid plays an important role in the prostate as an 
activating ligand for retinoic acid receptor 7, which is required 
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for the normal differentiation of prostate epithelium (44). Ac- 
cordingly, the prostate gland contains retinol dehydrogenase 
activity associated with the microsomes and retinal dehydro- 
genase activity in the cytosol that catalyze the formation of 
retinoic acid (45). Furthermore, a recent report demonstrated 
that prostate cells are capable of converting /3-carotene to ret- 
inol, suggesting that these cells possess j3-carotene dioxygenase 
and retinal reductase activities (22). While our manuscript was 
under revision, the presence of /3-carotene dioxygenase (/3-car- 
otene 15,15'-monooxygenase) mRNA in human prostate was 
directly demonstrated in a study by Lindqvist and Andersson 
(46), providing further support for colocalization of /3-carotene 
dioxygenase and retinal reductase. 

Under normal circumstances, the intracellular levels of ret- 
inoic acid in tissues are tightly controlled. The molecular mech- 
anisms responsible for this regulation are not yet fully under- 
stood but appear to function at several levels of retinoic acid 
metabolism: biosynthesis, degradation, and storage. Aberra- 
tions in retinoid signaling are early events in carcinogenesis, 
and vitamin A deficiency has been associated with a higher 
incidence of cancer (reviewed in Ref. 47). It has been demon- 
strated that the levels of retinoic acid are five to eight times 
lower in human prostate cancer than in normal prostate cells 
(45). Supplementation of the diet with /3-carotene appears to 
decrease the risk of developing prostate cancer (48), and it was 
shown that /3-carotene inhibits the growth of prostate cancer 
cells in vitro (22). 

From a metabolic point of view, retinal produced from /3-car- 
otene in the prostate or any other peripheral tissue may be 
either oxidized to bioactive retinoic acid by cytosolic aldehyde 
dehydrogenases or it may be reduced to retinol, which can then 
be esterified for storage (8). Hence, retinal is positioned at the 
crossroads of two opposite metabolic processes: activation and 
inactivation of retinoids. The fate of the cellular retinal would 
depend on the activities and expression levels of local aldehyde 
dehydrogenases and retinal reductases that compete for the 
same all-£ra/is-retinal substrate. Therefore, changes in the ex- 
pression level of RalRl could perturb retinoid homeostasis and 
alter the intracellular retinoic acid concentrations, leading to 
abnormal differentiation of prostate epithelium. 

Besides prostate, RalRl appears to be expressed at lower 
levels in a number of different human tissues, including the 
small intestine (23), where it could play a role in retinoid 
metabolism. Identification and characterization of retinal re- 
ductases in human tissues will provide a better understanding 
of the control mechanisms responsible for the regulation of 
intracellular retinoic acid concentrations. 
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